A common problem in flood frequency analysis is estimation, from a short gauged record, of the flood corresponding to a return period of 50-1000 years. One would expec•t that an estimate of the historical maximum event' i.e., the maximum flood in a period of perhaps 100-200 years, Would, if properly included in the estimation procedure, improve the resulting estimate of the flood magnitude at the given return period. We attempt to assess the value of historical information using computer simulation. An annual flood sequence and a historical maximum event are generated from an extreme-value distribution (of type I or II) and quantiles of the distribution are estimated by maximum likelihood, both including the excluding the historical event. After many such simulations have been performed the accuracy of the quantile estimates is assessed. We also consider the effect of errors in the magnitude of historical discharge estimates and the use of historical data in regional flood frequency analysis.
The present paper also reports results of computer simulations of flood frequency analyses using historical data. Our approach overlaps to some extent with those described above, but we address two important points which have not previously been considered. First, we acknowledge that estlmates of historical flood discharges are likely to be less accurate than the systematic gauged record, fi'nd we explicitly incorporate errors in historical flood estimates into our simulations.
Second, we consider regional as well as single-site flood frequetacy analysis. Lettenmaier et al. [1986] have shown that a regional analysis which combines annual flood data from a number of more or less homogeneous and independent sites yields much more accurate estimates of extreme flood quantiles than does a single-site analysis. It is therefore of interest to assess whether the inclusion of historical data iri a regional analysis enables a further increase in the accuracy of quantile estimates to be attained.
In Our simulations we used the generalized .extreme-value (GEV) distribution and it• special case the extreme-value type I (EV1) or Gumbel distribution for the generation and fitting of annual flood data. The GEV distribution, for suitable values of its parameters, may be regarded as floodlike, and is the recommended distribution for use in flood frequency analysis in the United Kingdom [Natural Environment Research Council (NERC), 1975]. We do not consider that our particular choice of the GEV distribution has any significant effect' we would expect to obtain similar results using any hydrologically plausible three-parameter distribution (e.g., lognormal, gamma, log-Pearson type III) in our simulations. The GEV distribution may be fitted by maximum lik•.elihood (ML) [Prescott and Walden, 1983 ' Hosking, 1985] or by the method of probability weighted moments (PWM) [Hosking et al., 1985b] . The PWM method gives the more efficient smallsample quantile estimates of the GEV distribution, but we have not been able to derive a satisfactory method of incorporation of historical information into the PWM method. In practice, one would therefore use ML estimation when historical information is included and PWM estimation when only the gauged record is used. For completeness, however, we also report the results of simulations which used ML estimation but no historical data. We did not use a weighted-moment procedure such as that of Bulletin 17B [ and assert that there exists a "perception stage," i.e., a water level which would certainly have been reported had it been exceeded. ½ohn [1984] argues that in consequence a set of historical flood events at one site should be treated as the exceedances of some threshold rather than as the rn largest floods with rn fixed in advance: in statistical terminology, that historical flood data arise from type I rather than type II censoring. This argument is not wholly convincing, however. When a long series of historical floods has been recorded it is certainly likely that the reason for recording a flood was the exceedance of some perception stage, though, of course, the perception stage may have changed during the period in which the historical records were made. Yet when only one or a few large historical floods have been recorded at a site it is equally plausible that these were recorded because they were, in human memory, the largest events to have occurred. In our simulations we used no more than one historical flood at any site and we therefore felt justified in treating a historical flood, during both data generation and model fitting, as the single largest flood event in a known pregauging period (the "historical period"). When assessing the value of historical information for flood frequency analysis it is important to realize that estimates of the magnitudes of historical floods are unlikely to be as accurate as gauged flood records. Consider, for example, a typical we used a range of values for the error in historical flood estimates' many of the results quoted in this paper use a random multiplicative error of + 25%, which we consider to be realistic. We chose to ignore the possibility of error in the gauged record for the same reason that we did not simulate multiple historical floods at a single site' the errors associated with different observations would not be statistically independent, so it would be necessary to specify a multivariate probability distribution from which to generate the errors and this we felt to be too complicated to simulate in a realistic manner. 2. Generate a historical maximum event of historic period rn years, i.e., a random variate y whose distribution function is Fro(y) = {F(y)} m, with F defined as in (1).
3. Subject y to a random multiplicative error of + e, i.e., replace y by y* = yz, where log z is a random variate from a normal distribution with mean zero and standard deviation log (1 + e). The mean of this normal distribution is chosen so that the discharge estimates are median-unbiased' i.e., overestimation and underestimation are equally likely. The standard deviation is chosen so that an error of e, i.e., overestimation or underestimation by a factor of 1 + e, corre- Most of our simulations used 10,000 repetitions of steps 1-5 above. The exceptions were regional analyses with a fitted GEV distribution and sample sizes of less than 20' here we used 50,000 repetitions. These values were chosen so that the results for bias and RMSE appeared stable to within 1 or 2 units of the last digit given in Tables 1-3. SIMULATION RESULTS
Single-Site Analysis, Fitted Distribution EV1
Suppose that the flood frequency distributions is EV1, i.e., GEV with k -0, with CV of 0.4. This is a realistic choice for a distribution of annual floods, being typical of many British rivers and of many large rivers in other parts of the world.
Suppose also that an EV1 distribution is fitted to the data' i.e., the flood frequency distribution is assumed known apart from two undetermined parameters. historical flood discharge does not seem unrealistic so we conclude that inclusion of a single historical maximum flood in a single-site flood frequency analysis is Unlikely to be beneficial if it is reasonable to assume that the flood frequency distribution is known apart from two undetermined parameters.
Single-Site Analysis, Fitted Distribution GEV
It is rare that a flood frequency analyst feels justified in specifying the distribution of annual floods apart from two unknown parameters, so three-parameter distributions tend to be more widely used in practice. The GEV distribution is of this form, so we now consider the utility of the historical maximum flood when fitting a GEV distribution to flood data drawn from an EV1 distribution with CV of 0.4. the effect of historical information on flood frequency analysis. Table 2 Regional Analysis, Fitted Distribution GEV As with a single-site analysis, the inclusion of historical data in a regional flood frequency analysis is more valuable when the flood frequency distribution has three unknown parameters than when it has only two. Table 2 presents results corresponding to those of Table 1 except that the fitted regional distribution is GEV rather than EV1. The RMSE of Qloo is now reduced at both sites, although the reduction, relative to the regional GEV/PWM algorithm, is twice as much as site 1 (where the historical event occurred) as at site 2. Table 3 Table 4 . Four analyses were performed for this region' (1) PWM estimation, using only the gauged records' (2) ML estimation, using only the gauged records' (3) ML estimation, using gauged records together with the 100-year historical maximum flood events at sites 1, 3, 5,..., 19' and (4) ML estimation, using gauged records together with the 100-year maximum flood events at sites 1, 2, 3, ..., 10. Historical maximum floods were generated with independent measurement errors of q-25%. happen when the sites at which historical information is available are unrepresentative of the region as a whole. The accuracy of flood quantile estimates is increased substantially at sites where historical floods were recorded, but a more than compensating deterioration in accuracy occurs at the other sites, where reliable information in the gauged records is being diluted by the unrepresentative historical da•ta. In summary, it seems that there is little advantage to bE gained by applying ML estimation to this amount of historical data and a large regional database, rather than using an efficient algorithm, such as GEV/PWM, and only the gauged records.
CONCLUSIONS
In a single-site flood frequency analysis, or a regional analysis using data from a small number of sites, historical information is of great value provided either that historical discharges are accurately estimated or that the flood frequency distribution has at least three unknown parameters. Historical information is also valuable if the flood frequency distribution has high CV or skewness or if gauged records are short. The inclusion of historical information at one site in a regional analysis gives little improvement in the accuracy of flood quantile estimates at other sites in the region. In a regional analysis using a large number of sites the inclusio•n of a realistic amount of historical information is U. nlikely to be useful in practice. EV1 extreme value type I. GEV generalized extreme value. k shape parameter of GEV distribution. m return period of historical maximum event.
ML maximum likelihood.
n length of gauged record. PWM probability weighted moment.
QT population quantile of flood frequency distribution.
QT estimated quantile of flood frequency •iStribgtion.
RMSE root-mean-square error. T return period corresponding to quantile of flood frequency distribution.
scale parameter of GEV distribution. location parameter of GEV distribution.
